Friend virus infection of adult immunocompetent mice is a well established model for studying genetic resistance to infection by an immunosuppressive retrovirus. This paper reviews both the genetics of immune resistance and the types of immune responses required for recovery from infection. Specific major histocompatibility complex (MHC) class I and II alleles are necessary for recovery, as is a non-MHC gene, Rfv-3, which controls virus-specific antibody responses. In concordance with these genetic requirements are immunological requirements for cytotoxic T lymphocyte, T helper, and antibody responses, each of which provides essential nonoverlapping functions. The complexity of responses necessary for recovery from Friend virus infection has implications for both immunotherapies and vaccines. For example, it is shown that successful passive antibody therapy is dependent on MHC type because of the requirement for T cell responses. For vaccines, successful immunization requires priming of both T cell and B cell responses. In vivo depletion experiments demonstrate different requirements for CD8 ؉ T cells depending on the vaccine used. The implications of these studies for human retroviral diseases are discussed.
Scientific knowledge of retroviral infections in humans is relatively new and little is known about the types of immune responses required to successfully defend against these infections. Such knowledge would be extremely valuable for designing vaccines and immunomodulatory therapeutics. Studies of long term survivors of HIV infection are beginning to provide some insights (1) (2) (3) (4) (5) (6) , but such individuals are rare, and data are difficult to obtain. In general, cell-mediated responses rather than antibodies are considered the critical elements responsible for resolving most human viral infections. This is because humans with genetic deficiencies in T lymphocytes are very susceptible to many viral infections whereas those with antibody deficiencies are not (7, 8) . However, antibody responses also appear essential for resistance against certain viruses such as enterovirus (9) and rabies virus (10) , and there are numerous examples of antibodies curing or preventing viral infections (11) (12) (13) (14) (15) (16) (17) . Thus, there remains controversy regarding which arms of the specific immune system are most important for resolving viral infections. Most likely this resolution depends on the specific virus and host involved, and often more than one aspect of the immune response is important, if not essential.
This review summarizes studies from the polycythemiainducing strain of Friend virus (FV) complex, an immunosuppressive retrovirus model that induces leukemia in mice. The results indicate that resolution of retroviral infections may require more complex immunological responses than have been found for most other viruses. Numerous experiments using both genetic and immunological approaches demonstrate that immune resistance to FV requires multiple arms of the immune system, including CD4 ϩ T cells, CD8
ϩ T cells, and B cells, each providing essential nonoverlapping functions.
When adult mice of susceptible strains are infected with FV, their spleens rapidly enlarge because of virus-induced polyclonal proliferation of erythroid precursor cells (19) (20) (21) . Subsequent proviral integration at the Spi-1 (ets) oncogene locus (22) (23) (24) (25) (26) (27) combined with inactivation or mutation of the p53 tumor suppressor gene (28) (29) (30) produces fully malignant erythroleukemias. This process results in gross splenomegaly at 8-9 days postinfection and transplantable erythroleukemia cells as early as 15-20 days postinfection (31) . Thus, a successful immune response must develop quickly enough to keep ahead of this transformation process.
Genes Involved in Recovery from FV Leukemia. Mice have evolved a formidable array of genes involved in conferring immunological resistance to FV-induced disease, including at least four major histocompatibility complex (MHC) (H-2) genes (32) (33) (34) (35) and one non-MHC gene, Rfv-3 (36) . In addition, there are six genes (Fv-1-Fv-6) that confer resistance to infection through nonimmunological mechanisms (37) (38) (39) . Adult mice with appropriate susceptibility alleles at the nonimmunological loci are infectable by FV and develop severe splenomegaly. Their subsequent survival is dependent on MHC and Rfv-3 genes that control immunological responsiveness. Mice having high recovery MHC and Rfv-3 genotypes, such as H-2 b͞b and Rfv-3 r͞s , spontaneously recover to near normal spleen size within several weeks and generally live out a normal life-span. Occasionally mice may eventually relapse, indicating the presence of persistent infection (40) , but this aspect will not be further discussed. Experiments with MHC recombinant mice show that MHC regions H-2A, E, D, and T are important for recovery from acute FV infection.
The H-2D region of the mouse MHC has a very potent influence on recovery from FV infection because it encodes the class I molecules that present viral antigens to CTL (39). Of interest, the H-2D region also influences the kinetics of virus-specific CD4 ϩ helper T cell responsiveness (41) (45) .
The situation with H-2E is more complex than H-2A because it has both positive and negative effects on FV immunity (35) . Mice with an H-2 b haplotype do not express H-2E heterodimers because of a defect in the gene encoding the ␣ chain (46, 47) . However, the H-2E b ␤ gene comes into play when a functional ␣ chain gene is introduced by breeding with mice carrying another haplotype such as H-2 a . H-2 a͞b heterozygous mice use a hybrid molecule comprised of an E k ␣ chain and an E b ␤ chain to present a Friend murine leukemia virus (F-MuLV) envelope peptide to CD4 ϩ T cells (48) . Blocking this presentation with specific antibodies reduces recovery, indicating an important positive role in FV immunity (35) . However, despite this role, studies in transgenic and MHC recombinant mice have shown that the overall effect of expressing H-2E molecules is a decrease in recovery from FV infection. This reduction in recovery appears to occur through negative thymic selection of T cells that recognize H-2E. Thus, the positive and negative effects are temporally separated with positive effects occurring during the immune response and negative effects occurring during development of the T cell repertoire ( Table 2) . The H-2Qa-Tla region has a weak, but detectable, effect on recovery from FV leukemia (33) . This is a rather large genetic region and the influence on recovery is not very strong, so the exact gene involved has not yet been determined.
In addition to the four MHC genes described above, the immune response to FV is also strongly influenced by a non-MHC gene, Rfv-3 (36) . Mice require at least one resistance allele at this locus to make antiviral neutralizing antibodies to clear plasma viremia after FV infection. This effect is necessary, but not sufficient, for recovery from leukemia, as will be discussed further below.
Studies of FV-Specific Immunity. Several studies have shown significant correlations between recovery from FV leukemia and various parameters of the FV-specific immune response. These include: (i) CTL responses, (ii) T cell proliferative responses, and (iii) production of virus-neutralizing antibodies. Subsequent investigations have established that each of these responses not only correlates with recovery but is also required.
CTL. FV-specific CTL have been shown to recognize antigens in the context of both H-2D b and H-2D d molecules (39) . The primary CTL response from FV-infected recovering mice is directed against determinant(s) in the F-MuLV envelope protein (49, 50) . A peptide from this protein has been described as an epitope for in vitro restimulated CTL (51). However, most primary CTL from infected mice do not recognize this epitope, and the major epitope recognized by CTL in recovering mice has not yet been identified. CTL responses also are developed during the rejection of a transplantable Friend tumor cell line, but in contrast to infection with live virus, the predominant CTL response is against an epitope encoded by the viral gag gene (52) (53) (54) (55) (56) .
CD8 ϩ CTL responses correlate with reduction of splenomegaly in FV-infected animals (49) and probably act by direct killing of infected cells. In the FV model, CTL are detectable by direct assays without in vitro stimulation. The in vivo importance of the CD8 ϩ T cell response has been demonstrated in resistant H-2 b͞b mice that were depleted of CD8 ϩ cells before infection with FV. CD8 depletion increases mortality by greater than 70% (49) .
T cell proliferation. The rapid development of CD4 ϩ T cell proliferative responses correlates with recovery from a high Table 2 . MHC class II effects on FV immunity
(1) H-2E molecules are not expressed on the cell surface in H-2 b mice because of lack of a functional E ␣ gene (46, 47) . (2) H-2E ␣ chains form the k haplotype associate with ␤ chains from the b haplotype to form functional cell surface heterodimers that present F-MuLV envelope peptides to CD4 ϩ T cells (48) . H-2E k͞k molecules may affect the FV-specific immune response also, but their role is unknown. dose inoculation of FV (39, 41, 45) (Table 1 ). The CD4 ϩ T cell response is specific for determinants in the F-MuLV envelope protein (45) , and two T helper epitopes from the gp70 portion of envelope have been described at the peptide level (48, 57) . One peptide binds to H-2A b molecules and the other to H-2E molecules, thus providing ligands for recognition by CD4 ϩ T cells. FV-specific CD4 ϩ T cells play a central role in FV immunity, providing immunological help for CTL (50, 58) and B cells (35) and maybe also providing direct antiviral activity. Abrogation of these functions by in vivo depletion of CD4 ϩ cells significantly compromises recovery from FV infection (49) .
Cytokines. For some murine leukemia viruses, type 1 T helper responses associated with specific cytokine profiles appear protective whereas type 2 responses do not (59) . This issue has not been thoroughly addressed in the FV system, but studies on specific cytokines have been done. One study demonstrates depressed IL-2 and tumor necrosis factor-␣ levels in FV-infected BALB͞c mice (60) . Furthermore, in vivo therapy with tumor necrosis factor-␣ has been shown to produce temporary regression of FV-induced splenomegaly. However, the mechanism may have been through inhibition of hematopoiesis rather than immunomodulation of FV-specific responses (61) . IL-6 and IFN␥ levels are depressed in FVinfected DBA͞2 mice, and therapy with a combination of IFN␥ and lactoferrin increases natural killer (NK) cell activity and enhances survival (62) . In other experiments, treatment of FV-infected mice with recombinant human IL-7 was shown to increase NK activity and produced long term survival in 20% of the mice (63). Thus, a major role for cytokines in recovery from FV is likely, but the specific mediators have not yet been completely determined. However, requirements for both CTL and IgG class antibodies in recovery from FV infection suggest that cytokines associated with T H -1 or T H -0 type responses might correlate with recovery.
Antibody and B cells. Virus-neutralizing antibodies are required for recovery from FV infection, and their production is influenced by a non-MHC gene, Rfv-3 (Table 3 ). Rfv-3 s͞s mice have a suppressed FV-specific antibody response, even in the presence of the proper MHC type (H-2 b͞b ) for virusspecific T cell responsiveness. Of interest, Rfv-3 appears to affect only the FV-specific antibody response and not responsiveness to other antigens (64) . Failure to mount a virusneutralizing antibody response to FV infection increases mortality by 90% or greater (58) . The Rfv-3 gene has been mapped to chromosome 15 of the mouse, unlinked to the MHC, Ig, or T cell receptor loci (65) . However, genetic linkage to several cytokine receptor genes (IL-2Rb, IL-3Rb1, and IL-3Rb2) suggests possible candidates for Rfv-3. It is of obvious interest to elucidate the mechanism by which a retrovirus can specifically suppress the antibody responses directed against it. In addition to the production of virus-neutralizing antibodies, B cells also appear to have important roles in antigen presentation and͞or cytokine production. Both CD4 ϩ and CD8 ϩ T cell responses to FV-induced tumors are significantly reduced in B cell-depleted mice (66) .
FV-Induced Immunosuppression. FV suppresses both cellular and humoral immune responses in certain strains of mice (64, (67) (68) (69) (70) , and an important host gene has been mapped to H-2D (42) . For example, H-2D d͞d mice are susceptible to FV-induced immunosuppression, but H-2D b͞b mice are resistant (Table 1 ). After FV infection in H-2D d͞d mice, humoral immune responses to subsequent challenges with strong antigens such as sheep red blood cells are suppressed (70) . Responses to T-independent antigens such as 2,4,6,-trinitrophenyl-Ficoll are affected as well, suggesting that immunosuppression need not act through decreased T cell help (64) . The involvement of the H-2D region also suggests possible involvement of NK cells. Binding of the Ly-49A receptor on NK cells to H-2D d molecules can induce global down-regulation of NK cell-mediated killing (71), and decreased NK activity has been associated with FV infection (63) . FV-immunosuppressed mice also have been reported to have impaired antigen presentation by macrophages (72) . Important to note, susceptibility to immunosuppression does not preclude successful treatment by immunotherapy (58) or protection by vaccination (42) .
Immunotherapy. Strain A mice lack virus-specific antibody responses because of their Rfv-3 s͞s type and fail to recover from FV infection. Immunotherapy using virus-neutralizing mAbs is effective at reducing mortality by 80-100% in A.BY mice, even when treatments are initiated as late as 10 days postinfection (58) . Successful therapy requires both CD4 ϩ and CD8 ϩ T cells because depletion of either subset abrogates recovery. In contrast to the success of therapy in A.BY mice, immunotherapy is ineffective in the MHC congenic A strain A͞Wy (H-2 a͞a , Rfv-3 s͞s ), which is highly susceptible to FVinduced immunosuppression. The cause of the failure of antibody therapy in A͞Wy mice appears to be weak T cell responses, which develop with slow kinetics relative to the A.BY strain. However, therapy becomes highly successful in A͞Wy mice when the virus inoculum is reduced 5-fold. The resultant slowing of virus spread during antibody therapy allows immune responses to develop before becoming overwhelmed with the viral load. Furthermore, the treated animals are subsequently protected from a high dose challenge of virus. Thus, antibody therapy allows development of long term protective immunity.
Vaccination. Experiments have shown that protection from FV infection can be elicited by several different types of vaccines including killed and attenuated viruses, viral proteins, peptides, and recombinant vaccinia vectors expressing FV genes (73) (74) (75) (76) (77) . The study of vaccinated mice has allowed the identification of protective immunological epitopes and determination of the types of immunological responses necessary and͞or sufficient for protection.
Protective epitopes have been localized to F-MuLV gag and env proteins by using recombinant vaccinia viruses expressing these genes (74, 76) . F-MuLV envelope protects against infection better than gag, so most work has concentrated on envelope. The gp70 envelope protein contains at least one CTL epitope (49), three T helper epitopes (48, 57) , and two neutralizing antibody epitopes (78) (79) (80) . The potency of the T Table 3 . Recovery from FV induced leukemia is influenced by MHC genes (H-2) and Rfv-3 helper determinants has been demonstrated by successful vaccination with a small envelope peptide containing a T helper cell epitope (77) . Protection from FV-induced disease in vaccinated mice correlates with antibody responses, CD4 ϩ T cell proliferative responses, and CD8 ϩ CTL responses (74, 76, 81) . Of interest, the requirement for CD8 ϩ T cells in protection is dependent on the number of T helper epitopes in the vaccine (50) . Mice immunized with a recombinant vaccinia vector expressing the full length F-MuLV envelope protein containing multiple immunological epitopes require CD4 ϩ T cells for protection but not CD8 ϩ T cells. However, if the number of immunological epitopes in the vaccine is reduced, CD8 ϩ T cells as well as CD4 ϩ T cells are critical for protection. Surprisingly, CD8 ϩ T cell epitopes are not necessary in the vaccine even when CD8 ϩ T cells are required for protection. This paradox appears to be due to the ability of vaccineprimed CD4 ϩ T cells to provide immunological help for CD8 ϩ T cells that are stimulated by the live virus challenge. Additional data also indicate that the expression of multiple CD4 epitopes in the vaccine is more important than expression of CD8 epitopes (50) .
The method of immunization can dramatically alter the efficacy of vaccination, especially in terms of the ability to cross-protect different strains of mice. For example, immunization by tail scratch with recombinant vaccinia expressing the F-MuLV env protein protects H-2 a͞b mice but not MHC congenic H-2 a͞a mice (74) ( Table 4) . The nonresponsiveness of H-2 a͞a mice maps to the H-2A class II genes (42) . On the other hand, when the same protein is biochemically purified and inoculated s.c. with complete Freund's adjuvant or synthetic adjuvants, both strains of mice are protected (81, 82) (Table 4) . Thus, there does not appear to be a complete lack of envelope responsive immune cells in H-2 a͞a mice, but their responsiveness is weak in the absence of adjuvant. Immunization with a live attenuated virus also protects mice of several MHC types, including H-2 a͞a mice (42, 74) . The ability to protect regardless of MHC type correlates with induction of detectable, cell-mediated, and neutralizing antibody responses before challenge (74) . Thus, the virus is faced with preexisting immunological effectors that can reduce the effective virus dose.
Implications. In conclusion, the FV model has yielded valuable information regarding genetic resistance to retroviral disease, but it is obvious that much remains to be discovered about the immunological mechanisms by which the genes impart their influence. Of particular interest are how the Rfv-3 gene causes susceptibility to suppression of the FV-specific antibody responses, how class I MHC genes influence FV-specific CD4 ϩ T cell proliferative responses, and how the H-2D gene influences virus-induced general immunosuppression. The elucidation of these mechanisms may aid in the development of immunotherapies and vaccines that may be applicable to human diseases.
Although results from FV studies cannot be directly related to human infections such as HIV, consideration of human data in light of the FV results may lead to new interpretations and even better designs for human experiments. For example, it is now known that both non-MHC (83) (84) (85) and MHC genes (86) influence the rate of HIV infection and progression to AIDS in humans. Furthermore, there is no reason to suspect that the immune responses required to deal with HIV would be any less complex than those illustrated for FV in mice. Thus, by analogy with the results of FV immunotherapy, part of the reason for the failures of passive antibody therapies in AIDS patients may be related to the high virus loads and low T cell counts in the patients studied (87) (88) (89) (90) (91) (92) (93) (94) (95) . The FV results suggest that HIV immunotherapy might be more successful if initiated early during the course of infection before virus-induced CD4 ϩ T cell depletion.
The best hope for controlling the worldwide pandemic of AIDS lies in development of an effective vaccine. One message that might be gleaned from the FV experiments is that a successful HIV vaccine would most likely be one that stimulates multiple immune system components with a broad spectrum of antigens. Priming with multiple CD4 ϩ T cell epitopes might be very important because of the central role these cells play in amplifying both CTL and antibody responses. One of the best FV vaccines is the live attenuated virus, and live attenuated viruses have been the most successful vaccines in the simian immunodeficiency virus model as well (18) . However, there are several concerns about using such a vaccine for HIV in humans. These include reversion to virulence, insertional mutagenesis, recombination with endogenous retroviral sequences to produce new infectious viruses, and pathogenesis in immunocompromised hosts. Ideally, one might construct a live nonretroviral vector to deliver HIV antigens that would replicate for longer periods of time than recombinant vaccinia and still avoid the major drawbacks of retroviral vectors cited above. Continuous expression over a 2-to 3-week period would more closely mimic immunization by a live attenuated retrovirus and allow development of potent immune effectors. Optimal retroviral protection may require the presence of specific effectors rather than just immunological memory, so further studies will be required to determine how such effectors can be persistently maintained. 
